Reducing the complex behavior of living entities to its underlying physical and chemical 11 processes is a formidable task in biology. Complex behaviors can be characterized as decision 12 making: the ability to process the incoming information via an intracellular network and act upon 13 this information to choose appropriate strategies. Motility is one such behavior that has been the 14 focus many modeling efforts in the past. Our aim is to reduce the chemotactic behavior in E. coli to 15 its molecular constituents in order to paint a comprehensive and end-to-end picture of this 16 intricate behavior. We utilize a hierarchical approach, consisting of three layers, to achieve this goal: 
Introduction

25
Decision making is defined as choosing a course of action from a set of possibilities (Kitajima and In our Stochastic Multi-Layer (SML) model, E. coli is treated like a minute biological submarine. 75 This nano-submarine is propelled by an average of six flagella in low Reynolds' number regime. 76 Our model attempts to offer a comprehensive description of chemotactic behavior in E. coli by 77 breaking this complex process into three levels. In the first level, chemoattractants react with the 78 receptors, causing molecular events in the cell that can result in the rotation of each flagellum. 79 The sensory network determines the direction and rotation rate of each flagellum. In the second 80 level, each flagellum generates a force and the resultant force of all flagella causes the E. coli to 81 move in the direction of this force. In the third level, the combination of different force vectors 82 of each flagellum provides a range of direction and length of movement in each step -i.e., the 83 behavior of the bacterium emerges from the chemical and the physical levels. At each step, as 84 the concentration of chemoattractants sensed by the bacteria changes, so does the distribution of 85 probability of all choices, i.e., the direction and the distance of travel at that step. our view, while to details of our three-level model reflects the intricacies of the biology, its behaviour 91 would be indistinguishable from a non-homogeneous Markovian random walk (NHMRW) process.
92
Results
93
The Macroscopic Behavior of the SML model is indistinguishable from a NHMRW. 94 We characterize the macroscopic behavior of the SML model by comparing it with a random walk -as 95 an unbiased foraging process-and the non-homogeneous random walk. The qualitative behavioral 
64
• , is consistent with the findings of the experimental observations by Turner et al. (2016) (table   108 2). The experimental mean value for E. coli tumble angle was found to be around 68 • (Berg et al., Figure 2 . Trajectories of 1000 simulations in the random walk (left) and the SML model (right). Starting points are randomly chosen point, with random angles, 300 units away from the nutrient source. Each run will end if the particle finds the nutrient resource or the number of simulation steps exceeds 3000. The height reflects the density of particles. Figure 3 . Changes in the movement direction of the particles at each simulated step with respect to their previous direction. As glucose concentration increases, E. coli frisks less and waggles more, i.e., there are less variations in the direction of movement. The results are averaged over 1000 simulations. The rotational directions of all flagella combined determine the direction of move-117 ment.
118
In E. coli, the flagellar rotation is the driving force behind motility. In response to the changing 
123
The chemical network results in directional sensing.
124
The concentration of CheY-p plays a major role in the signaling network of E.coli chemotaxis. A The movement of a bacterium, such as E. coli, can be characterized as a series of "decision". can result in a behavior -i.e., movement-that seems utterly alive.
203
Methods
204
To simplify the implementation of the cell migration and mobility, we mainly focus on the cell 
is constant within a ball of radius 0 = 100 .
223
As a cell swims, chemoattractant molecules bind to the receptors on the cell surface; therefore, a signal from receptors would be transmitted, stochastically, through a biochemical network to one or more of the flagellar motors, which controls the speed and direction of the flagellar rotations. We assume the following dependency for the sensitivity of these receptors to the chemoattractant concentration, , sensitivity decreases, which effectively increases the value of CheR, see chemical network in figure 6 . 226 In order to fulfill the logarithmic dependency,
a localized attractant resource was assumed. 
The parameters in this model have been chosen based on the available experimental data (Alon et al., 1998 ). In our model we have only one type of movement, thus, for each time interval, we select a random number from the exponential distribution with ⟨ ⟩ ∼ 1 . By calculating and , the next spatial position is taken as follow,
and the simulation will be continued the same way.
300
Supporting Information
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Non-homogeneous Random Walk
302
In an abstract view, we modeled the chemotaxis of E. coli as a non-homogeneous random walk.
303
In this stochastic process, in each simulation step, the probability distribution of speed, direction, 
where depends on the chemoattractant concentrations limited to 0 ≤ ≤ 
315
To specify the Beta function in Eq. 7, we need to assign and values. To achieve the desired In this model, the nutrient concentration, , highly affects values of and . Consequently, any 328 variation in and will change the probability distribution in Eq. 7. In fact, in the non-homogeneous 329 random walk model, the decision-making network is modeled through probability distribution In an environment with uniform distribution of nutrients, the distribution of is uniform as well, the blue curve; i.e., every direction has the same chance of being chosen. As a result of a non-uniform distribution of nutrients, a normal distribution will emerge (the green curve).
functions. Indeed, to perform the simulation, after generating a random number from ( ) in Eq. 
333
A normal distribution  ( , 10) with mean , from Eq. 12, gives the speed of the next step. 
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349 Figure 9 . The concentration of the perceived nutrients by the chemotactic network ( ) affects the distribution of angles. As the perceived concentration increases, so does the probability of smaller angels, i.e., movement closer to an straight line. However, there is not a straightforward linear relation between them since many parameters, including the sensitivity of the receptor (Eq. 3) play roles. 
